Climate change threatens human health, but there remains a lack of evidence on the economic toll of climate-sensitive public health impacts. We characterize human mortality and morbidity costs associated with 10 climate-sensitive case study events spanning 11 US states in 2012: wildfires in Colorado and Washington, ozone air pollution in Nevada, extreme heat in Wisconsin, infectious disease outbreaks of tick-borne Lyme disease in Michigan and mosquito-borne West Nile virus in Texas, extreme weather in Ohio, impacts of Hurricane Sandy in New Jersey and New York, allergenic oak pollen in North Carolina, and harmful algal blooms on the Florida coast. Applying a consistent economic valuation approach to published studies and state estimates, we estimate total health-related costs from 917 deaths, 20,568 hospitalizations, and 17,857 emergency department visits of $10.0 billion in 2018 dollars, with a sensitivity range of $2.7-24.6 billion. Our estimates indicate that the financial burden of deaths, hospitalizations, emergency department visits, and associated medical care is a key dimension of the overall economic impact of climate-sensitive events. We found that mortality costs (i.e., the value of a statistical life) of $8.4 billion exceeded morbidity costs and lost wages ($1.6 billion combined). By better characterizing health damages in economic terms, this work helps to shed light on the burden climate-sensitive events already place on U.S. public health each year. In doing so, we provide a conceptual framework for broader estimation of climate-sensitive health-related costs. The high health-related costs associated with climate-sensitive events highlight the importance of actions to mitigate climate change and adapt to its unavoidable impacts.
Introduction
Global climate change is underway and accelerating, posing a vast array of direct and indirect threats to human health (Intergovernmental Panel on Climate Change, 2018; U.S. Global Change Research Program, 2016 , 2018 . Despite growing evidence of the harmful health impacts of climate change and its exacerbation of global inequality (Diffenbaugh & Burke, 2019) , there remains a dearth of evidence on the personal and societal economic toll of climate-sensitive events; numerous studies have called for more investigation on this issue (Diaz & Moore, 2017; Government Accountability Office, 2017; Gropp, 2017; Hutton & Menne, 2014; U.S. Global Change Research Program, 2016) .
Cost valuation of climate-sensitive health impacts is useful for several purposes. First, valuation estimates illuminate a tangible yet understudied impact of climate change and shed light on how this threat is affecting sectors far beyond infrastructure and agriculture (Revesz et al., 2014; Watts, Amann, Arnell, et al., 2018) . ©2019 . The Authors. This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made. Some estimates of the economic toll of climate-sensitive hazards include property and crop damage but limited health data (Bouwer, 2011; Hsiang et al., 2017; Smith & Katz, 2013; U.S. National Oceanic and Atmospheric Administration, 2016) , and health impacts (especially human morbidity) are rarely adequately incorporated into economic assessments of climate change impacts (Nordhaus, 1991; Smith & Katz, 2013; U. S. National Oceanic and Atmospheric Administration, 2019) or key measures such as the social cost of carbon, which are central to climate change policy cost-benefit analyses (Greenstone et al., 2013; Howard, 2014; Marten et al., 2013) . Second, such work demonstrates the potential future costs of the continuing increase in global greenhouse gas concentrations: Health-related cost estimates illuminate how costly future climate-sensitive events may be, given our understanding of recent climate impacts on health (IPCC, 2018) . Third, cost estimations can guide health interventions and help society assess whether investments in climate adaptation measures are achieving their intended benefits (Ebi et al., 2018) .
Nationally, public health preparedness for climate-sensitive health impacts is inadequate, with limited resources designated for strategic resource deployment, public education, and outreach to vulnerable communities (Brown, 2016; Ebi et al., 2016; Eidson et al., 2016; Gilmore & St. Clair, 2018; Grossman et al., 2019; Salas et al., 2018; Sheehan et al., 2017) . At the state and local levels, there is considerable variability in public health capacity to respond to climate change (Carr et al., 2012; Roser-Renouf et al., 2016; Shimamoto & McCormick, 2017) . Expanded quantification of the budgetary pressures posed by climate change on the health sector can help decision makers to better engage with the scale of this challenge (Bierbaum et al., 2013; .
A prior study estimated health-related costs from premature mortality and morbidity in the U.S. from six climate-sensitive events occurring between 2000 and 2009 , and this research improves upon the methodological approach employed in that work. We consider case studies from one year (2012) to further articulate the potential scope of climate-sensitive health-related costs in the U.S. using "publicly-available" health impact and healthcare utilization data. This study encompasses health impacts not previously included (e.g., hurricane effects on pregnancy complications, carbon monoxide exposures, and mental health, as well as the health implications of harmful algal blooms, allergenic oak pollen, and tick-borne Lyme disease), and contextualizes health-related costs relative to 2012 estimates of the broad economic impacts of climate-sensitive events, such as the billion dollar disaster list compiled annually by the National Oceanic and Atmospheric Administration (NOAA; U.S. National Oceanic and Atmospheric Administration, 2019).
The case studies explored here represent a limited sample of events that occurred within a single year, have been analyzed for estimates of event-related mortality and specific causes of morbidity, cover a diverse geography of the U.S., and are emblematic of the scope of anticipated future climate-sensitive health impacts (P. Stott, 2016; Watts, Amann, Arnell, et al., 2018; U.S. Global Change Research Program, 2018) . The evidence base for national climate-sensitive health-related costs is growing (Balbus et al., 2014; Martinich & Crimmins, 2019; U.S. Global Change Research Program, 2018) . Published studies include estimates related to impacts from air pollution (Fann et al., 2015) , extreme heat (Lay et al., 2018) , wildfires , allergenic oak pollen (Anenberg et al., 2017) , harmful algal blooms (P. Hoagland & Scatasta, 2006; Porter Hoagland et al., 2009) , and vector-borne infectious diseases (Adrion et al., 2015; Shankar et al., 2014) . Such studies commonly analyze a single climate-sensitive exposure category and apply distinct valuation methods. Therefore, synthesis of fragmented health impact and cost estimates using a consistent valuation approach is challenging. Our analysis builds upon prior state-level climate change valuation research by integrating recent data from state and national health surveillance systems, epidemiologic analyses, and other "publicly-available" data to consider morbidity and mortality costs across a range of health impacts in a consistent way. In doing so, we demonstrate a conceptual framework for the estimation of other health-related costs linked to climatesensitive events and provide a methodology for broader quantification of these costs.
Materials and Methods

Case Study Selection
To identify climate-sensitive case studies, we surveyed the peer-reviewed literature, "publicly-available" state and federal agency data systems, and online reports for evaluations of the health impacts of 2012 events. We focus our climate-sensitive health cost estimates on impacts occurring in 2012, when the country experienced some of its then-warmest weather to date, widespread drought, significant wildfires, an outbreak of West Nile virus, and 10 hurricanes (Climate Central, 2012; U.S. National Oceanic and Atmospheric Administration, 2013a, 2013b) . Our review yielded a range of health incidence data for morbidity and mortality associated with 2012 climate-sensitive events. To select case studies, we prioritized data availability, geographic representativeness, and variation in event type, duration, and intensity. Morbidity data (hospital admissions [HAs] and emergency department visits [EDs] ) were included if the information utilized primary case definitions provided by the International Classification of Disease (ICD), Ninth or Tenth Revision (U.S. Centers for Disease Control and Prevention, 2015) . For events with multiple published health impact analyses (e.g., Hurricane Sandy), we sought to conservatively capture the documented range of health effects by prioritizing peer-reviewed studies with statistically significant findings of health impacts and accounting for potential double counting of impacts. Importantly, only a portion of the 2012 case studies included here consider attribution links to climate change. While research attributing discrete events to climate change has gained precision (Ebi et al., 2017) , attribution was not the focus of our case study selection. Rather, these climate-sensitive case studies encompass varying degrees of certainty about links to climate change (P. A. Stott et al., 2010; U.S. Global Change Research Program, 2018) . These case studies are consistent with the long-term projections for climate change impacts for extreme heat (Christidis et al., 2011; Hansen et al., 2006; Meehl et al., 2007; Vogel et al., 2019; Zwiers et al., 2011) , hurricanes (Keellings & Hernández Ayala, 2019) , harmful algal blooms (Hilborn et al., 2014; Poh et al., 2019) and other extreme weather (Nilsen et al., 2011; Papalexiou & Montanari, 2019) ; allergenic pollen (Anenberg et al., 2017; L. H. Ziska et al., 2019) , ozone air pollution (Fann et al., 2015; Kinney, 2018) , wildfires (Abatzoglou & Williams, 2016; Liu et al., 2016) , West Nile virus (Belova et al., 2017; Paull et al., 2017) , and Lyme disease (Monaghan et al., 2015) .
Our investigation spans 10 climate-sensitive case study events across 11 U.S. states: wildfires in Colorado and Washington, ozone air pollution in Nevada, heat stress in Wisconsin, infectious disease outbreaks of tick-borne Lyme disease in Michigan and mosquito-borne West Nile virus (WNV) in Texas, extreme weather in Ohio, Hurricane Sandy (impacts in New Jersey and New York), allergenic oak pollen in North Carolina, and harmful algal blooms on the Florida coast ( Figure 1 ).
The environmental exposures included in our analysis are each influenced by climate change (to differing degrees) and are expected to increase in frequency, intensity, duration, and/or areal extent in the future (U.S. Global Change Research Program, 2016) . We augmented directly reported health incidence information with imputed incidence data from national healthcare utilization statistics (see section 3.2). The amount of available health impact information varied by case study; Table 1 provides an overview of the range of data sources utilized to estimate morbidity and mortality incidence.
Health-Related Cost Valuation Methods
There have been multiple assessments of health-related costs of specific climate-sensitive events in recent years, including wildfires , extreme heat (Lay et al., 2018) , air pollution (Carvour et al., 2018; Saari et al., 2017) , infectious disease (Adrion et al., 2015) , and allergenic oak pollen (Anenberg et al., 2017) . These studies employ a range of health cost valuation techniques, including consideration of morbidity via direct healthcare costs (Anenberg et al., 2017) and mortality using willingness-to-pay approaches (Saari et al., 2017) . These different methodologies help demonstrate distinct approaches toward the valuation of health impacts but make it difficult to aggregate costs in a consistent fashion. This study advances a consistent health-related cost estimation (utilizing both cost-of-illness approach for morbidity and willingness to pay-derived estimates for the value of a statistical life, VSL) across case study events by linking a defined set of diagnosis codes to cost information from national data sets ( Figure 2 ).
Costs were calculated using methods updated from Knowlton et al. (2011) , an incidence-based cost of illness approach that encompasses medical costs from the Healthcare Cost and Utilization Project (HCUP) and estimates of lost worker productivity. The HCUP database is a Federal-State-Industry partnership sponsored by the U.S. Agency for Healthcare Research and Quality (AHRQ) that compiles longitudinal hospital care data in the U.S. We accessed national HCUP data using an online tool that displays hospital care data specific to primary ICD diagnosis and expected payer for aggregate annual costs (U.S. Agency for Healthcare Research and Quality, n.d.-a). The HCUP web tool provided the conversion rate from hospital charges to costs using a combination of state and national hospital accounting data. To supplement this information, we accessed information from the Medical Expenditure Panel Survey (MEPS), an AHRQ-sponsored survey that compiles health expenditure data from individuals, medical providers, and employers (U.S. Agency for Healthcare Research and Quality, n.d.-b) . MEPS data (in the Household Component Survey) included the average cost per ED visit, annual out-of-pocket expenses for ED patients, and outpatient expenses for disease categories. 
Data Sources
Overview of Health Effect Data
We relied on combinations of available data from distinct sources (e.g., epidemiologic analyses, surveillance data and online reports, published incidence rates, and census-derived population counts) to estimate health effect incidence (mortality and morbidity) for each case study. In some cases, several health impact studies were conducted on a single case study event (e.g., Hurricane Sandy); we combined nonoverlapping incidence data to more broadly characterize health impacts and associated costs.
Case Study Information
Below, we describe each of the case studies in detail. For each event, we identify links to climatic conditions and the data sources utilized to estimate morbidity and mortality in each state.
Lyme Disease in Michigan
A changing climate can affect the distribution of infectious diseases including vector-borne diseases that rely on a nonhuman host for transmission (Beard et al., 2016) . Lyme disease is a vector-borne illness transmitted to humans by infected blacklegged ticks and is the most common tick-borne disease in the U.S. (Frazier & Douce, 2017) . Although rarely fatal, the disease is associated with a number of symptoms, including a skin rash, fever, headache, and fatigue (Ray et al., 2013) . A number of nonclimatic factors are linked to increasing incidence of Lyme disease in the U.S. over the past decade (including changes in tick ecology and disease surveillance), but warmer climates have also contributed to an expansion of tick habitat in the U.S. (Monaghan et al., 2015; Ogden et al., 2014) .
We estimated the health-related costs of the total Lyme disease burden in the state of Michigan through treated cases, apportioned to cause-specific health outcomes consistent with aggregate U.S. Centers for Disease Control and Prevention (CDC) historical data (U.S. Centers for Disease Control and Prevention, 2018a), see supporting information Table S1 . CDC does not currently designate Michigan as a high-incidence state 
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GeoHealth (Schwartz, 2017) , but it neighbors high-incidence states. Moreover, Lyme disease incidence in Michigan increased by a factor of more than 5 between 2000 and 2014, in tandem with an expansion of the tick population (Lantos et al., 2017; S. Centers for Disease Control and Prevention, 2018a).
Allergenic Oak Pollen in North Carolina
Allergenic pollen levels are affected by climate, because warmer weather, higher humidity, and heightened levels of carbon dioxide in the atmosphere can stimulate the growth of certain plant species and can extend pollen production season (Neumann et al., 2018; Reid & Gamble, 2009; Sapkota et al., 2019; L. Ziska et al., 2011; L. H. Ziska et al., 2019) . Higher pollen levels from specific trees, grasses, and weeds are associated with asthma exacerbations (Sun et al., 2016) . We calculated health-related costs using results from Anenberg et al. (2017) , which analyzed national oak tree pollen data for 1994-2010.
We estimated total oak pollen-attributable asthma EDs in North Carolina by applying the southeastern regional incidence rate from that study and 2012 state population data (U.S. Census Bureau, n.d.-a). To adjust the long-term average incidence rate for 2012 oak pollen conditions, we linearly scaled the estimate using 2010 and 2012 Wake County oak pollen data published by Sun et al. (2016) , which found a significant association between tree pollen levels and asthma ED visits for an analysis spanning 2006-2012 (Sun et al., 2016) . We imputed asthma-related deaths from the ED data (see supporting information Table S1 ).
Extreme Weather in Ohio
Flooding frequency from heavy precipitation events is expected to increase because of climate change, and heavy precipitation events have increased in both intensity and frequency over the past century (Papalexiou & Montanari, 2019; Rahmstorf & Coumou, 2011; Wuebbles et al., 2017) . This effect is important because flooding is already the most common global disaster and the most costly type of disaster in the U.S. (Alderman et al., 2012; Pew Charitable Trusts, 2017) . Brokamp et al. (2017) analyzed the impacts of extreme precipitation events on water infrastructure and human health in Ohio from 2010 to 2014 (Brokamp et al., 2017) . Combined sewer systems, which collect sewage and industrial wastewater along with storm water runoff, are the focus of their analysis. Such systems are vulnerable to extreme precipitation events because the systems are designed to release excess flows of untreated wastewater into surface water bodies. These discharges (combined sewer overflows, CSOs) pose risks for human health, including gastrointestinal illness and skin infections from direct exposure to contaminated water and asthma exacerbations due to aerosolized lung irritants and other pathogens (Jagai et al., 2015; Levy et al., 2016; Patz et al., 2014; U.S. Environmental Protection Agency, 1996) . For the 2012 health-related cost analysis, we extracted CSO-attributable HA data from the overall CSO analysis (Brokamp et al., 2017) and waterborne disease data from CDC (Beer et al., 2015) . For floodingand storm-related mortality data, we relied on data reported to NOAA (U.S. National Oceanic and Atmospheric Administration, n.d.-b) and to Ohio's Emergency Operations Center for the 29 June storm event (see supporting information Table S1 ; State of Ohio Emergency Operations Center, 2012).
Extreme Heat in Wisconsin
Extreme heat exposures represent a key climate-sensitive public health threat as the leading cause of weather-related mortality in the U.S. over the last 30 years (Luber & McGeehin, 2008; S. Centers for Disease Control and Prevention, 2016). In the midwestern U.S., research suggests that climate-driven heat-health impacts will grow Lo et al., 2019) ; national EDs for hyperthermia could triple by 2050 due to climate change (Lay et al., 2018) because of stronger, longer, and more frequent extreme heat events (Greene et al., 2011; Huang et al., 2007; Luber & McGeehin, 2008) .
In July 2012, Wisconsin residents experienced record high temperatures over a span of 1 week, causing elevated levels of heat stress, heat stroke, and heat exhaustion (Christenson et al., 2013) . Several centuryold daily record maximum temperatures and record high minimum temperatures were tied or broken during this heat wave (U.S. National Oceanic and Atmospheric Administration & U.S. National Oceanic and Atmospheric Administration, n.d.). Extreme July 2012 U.S. temperatures were found to be more consistent with current climate forcing conditions than in a preindustrial forcing scenario (Diffenbaugh & Scherer, 2013 , we imputed HA visits and costs from ED incidence and estimated the total health-related costs associated with 2012 extreme heat statewide (see supporting information Table S1 ).
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Harmful Algal Blooms in Florida
Higher sea surface temperatures and more acidic seawater, conditions related to climate change, promote the growth of toxic harmful algal blooms (HABs; E. J. Kim, 2016; Moore et al., 2008; Riebesell et al., 2018) . These events pose significant risks to human health (particularly respiratory, digestive system, and neurologic effects) because of the range of compounds (toxic and nontoxic) released by certain algae species, which can bioaccumulate in fish and shellfish and cause illness or death in humans (Fleming et al., 2011; Kirkpatrick et al., 2010) . Algal blooms are also important threats to coastal fisheries, recreation, and tourism (Hoagland et al., 2014; Larkin & Adams, 2007) . The 2012 HAB season in Florida was significant, with intense blooms that persisted from September 2012 into early 2013 (Weisberg et al., 2016) . While the degree of climate attribution for the 2012 event has not been quantified, HAB prevalence is expected to increase in the future due to climate change (Hilborn et al., 2014) .
We incorporated a recent analysis of the impacts of HABs on morbidity in six Florida counties by Hoagland et al. (2014) and extrapolated HA and ED incidence from that analysis using the published exposure-response relationship (Hoagland et al., 2014) and 2012 monitoring data for the implicated red tide marine alga (Karenia brevis) from NOAA monitoring documented in the Harmful Algal Blooms Observing System (see supporting information Table S1 ; U.S. National Oceanic and Atmospheric Administration, n.d.-a).
Ambient Ozone Air Pollution in Nevada
During the summer of 2012, the state of Nevada experienced some of its then-hottest and driest weather to date (Hoerling et al., 2013; S. National Oceanic and Atmospheric Administration, 2013c), including two heat wave events lasting an average of 5 days each (Bandala et al., 2019) . Ozone air pollution (smog) concentrations in the state exceeded the National Ambient Air Quality Standards for monitoring in 2011-2013 according to an analysis by the American Thoracic Society and the Marron Institute (Cromar et al., 2016) . Climate change is expected to exacerbate ambient levels of ground-level ozone because of the temperature-dependent chemical mechanism of pollution formation in the troposphere (E. J. Kim, 2016) . Climate change-driven warmer temperatures also affect air pollution from fine particles (PM 2.5 ) through direct (Achakulwisut et al., 2019; Mickley, 2004) and indirect mechanisms (Abel et al., 2018) ; we focus on ozone as a climate-sensitive air pollutant projected to remain problematic nationally (Fann et al., 2015; Jacob & Winner, 2009; Knowlton et al., 2004; Wu et al., 2008) .
We applied state-specific annual estimates of deaths and cause-specific morbidity in Nevada due to ozone exposures exceeding the American Thoracic Society-recommended 8-hr concentration of 60 parts per billion (ppb; Cromar et al., 2016) , as analyzed using the U.S. Environmental Protection Agency Benefits Mapping and Analysis (BenMAP) program (U.S. Environmental Protection Agency, 2017) . This level is lower than the corresponding National Ambient Air Quality Standards (70 ppb; U.S. Environmental Protection Agency, 2016) but a threshold at which evidence indicates that significant adverse health impacts are still experienced (Balmes, 2017) . For morbidity estimates, we apportioned incidence (asthma, chronic lung disease, and other respiratory problems) using ratios published in a national estimate of ozone impacts on human health (Fann et al., 2012) .
West Nile Virus in Texas
During the summer of 2012, the U.S. experienced an unexpected resurgence in the incidence of WNV, a mosquito-borne disease that first emerged in the country in 1999 and had last peaked in 2003 (Beasley et al., 2013) . WNV symptoms include headache, body aches, joint pains, vomiting, diarrhea, or rash; because of its reliance on a mosquito vector, the transmission of WNV is sensitive to both genetic factors and environmental conditions (Poh et al., 2019 ). An analysis of the 2012 outbreak indicates that environmental factors were key (Nasci et al., 2013) . Specifically, elevated case counts during the 2012 WNV outbreak in Texas were attributed to drought, which created stagnant water pools, and elevated temperatures (2°F warmer than the 2002-2011 average; Nasci et al., 2013) , which shorten the extrinsic incubation period of mosquitoes (Roehr, 2012) .
Although human cases were reported in each of the 48 contiguous U.S. states, Texas suffered the highest number of WNV deaths nationally (89 of 286 total), with cases concentrated in the Dallas-Fort Worth Area (Yango et al., 2014) . The first treated case of that year in Texas was reported on 25 May and the first death on 5 July. We imputed statewide HA and ED incidence from Dallas County public health morbidity surveillance data (Chung et al., 2013) GeoHealth data for statewide mortality (see supporting information Table S1 ; U.S. Centers for Disease Control and Prevention, 2013).
Wildfires in Colorado and Washington
Climate change increases the likelihood of more wildfires and longer fire seasons in the U.S. through warmer temperatures, changes in seasonal rainfall patterns, and lower soil moisture (Abatzoglou & Williams, 2016; Liu et al., 2016) . We analyzed health-related costs for impacts of 2012 wildfires in Colorado and Washington documented in three peer-reviewed studies (Alman et al., 2016; Fann et al., 2018; Gan et al., 2017) and mortality reports from the National Interagency Fire Center and a natural disaster risk management database ( Alman et al. (2016) and Gan et al. (2017) investigated respiratory and cardiovascular morbidity endpoints during the peak burning periods in each state (from 5 June to 6 July in Colorado and 1 July to 31 October in Washington) . Morbidity data were collected by the Colorado and Washington state health agencies for major respiratory ailments (asthma, upper respiratory infection, pneumonia, bronchitis, and chronic obstructive pulmonary disease) and cardiovascular outcomes (e.g., acute myocardial infarction). Health impacts (morbidity and mortality) from wildfire smoke-attributable PM 2.5 exposures were estimated using these studies and 2012 state-level incidence data from Fann et al. (2018) . See supporting information Table S1 for a full listing of case counts.
Hurricane Sandy in New Jersey and New York
Hurricane Sandy struck the coastline of the northeastern U.S. on 29 October 2012, delivering up to 1 ft of rain within 2 days and causing power outages for more than 20 million customers for periods of days to weeks (Kunz et al., 2013) . Evidence indicates that sea level rise due to climate change amplified the hurricane's storm surge impacts (N. Lin et al., 2012; U.S. National Oceanic and Atmospheric Administration, 2012; Sweet et al., 2013) , and the economic losses associated with hurricanes are growing in ways consistent with the effects of climate change (Estrada et al., 2015) . We included a range of health impacts in both New Jersey and New York states. Mortality data were reported by American Red Cross and federal researchers for Note. For detailed incidence estimates, see Table S1 in the supporting information.
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GeoHealth domestic impacts (Casey-Lockyer et al., 2013) and later in a systematic study that quantified deaths in the Caribbean and North America (Diakakis et al., 2015) .
In our survey of the peer-reviewed literature on the health impacts of Hurricane Sandy, we found several studies addressing the toll of the storm on human morbidity in terms of HAs and EDs. In New Jersey, impacts included myocardial infarction and stroke (Swerdel et al., 2014) , type II diabetes ED visits (Velez-Valle et al., 2016), kidney disease and dialysis (Kelman et al., 2015) , injuries (Marshall et al., 2016 (Marshall et al., , 2018 , dehydration , and a combination of health effects observed in the elderly population (McQuade et al., 2018) . The mental health consequences of hurricanes are also an increasingly studied health impact, and we incorporated estimates from a study of the elderly population (McQuade et al., 2018) and a cross-sectional survey quantifying outpatient mental health treatment received for a shoreline community 6 months after the hurricane (Boscarino et al., 2013) . One of the studies in New Jersey also reported data for New York, which was incorporated into our analysis (Kelman et al., 2015) . Additional health outcomes quantified in the literature for New York included combined hospital visits for Sandyrelated health effects including carbon monoxide exposure (Schnall et al., 2017) ; pregnancy complications (Xiao et al., 2019) ; asthma, chronic obstructive pulmonary disease, cardiac chest pain, syncope, and urinary tract infections (Gotanda et al., 2015) ; dialysis (C. Lin et al., 2014) ; trauma, musculoskeletal problems, asthma, chronic obstructive pulmonary disease, and syncope (Lee et al., 2016) ; mental health outcomes including anxiety, substance abuse, and mood disorders (S. Lin et al., 2016) ; and diseases of the respiratory system (H. Kim et al., 2016) . For mental health ED visits, we estimated incidence using the reported morbidity rate and 2012 census population counts for eight counties (see supporting information Table S1 ; U.S. Census Bureau, n.d.-a) .
Health-Related Cost Data
Human mortality costs were based on a VSL approach, as implemented by the U.S. Environmental Protection Agency in regulatory impact analyses (U.S. Environmental Protection Agency, 2015) . Each life lost was valued at $9.1 million in 2018 dollars, while a VSL range of $1.0-24.4 million was considered within sensitivity analyses (see supporting information Figure 2 ). For example, if we only had access to ED data for a certain event, we (Diakakis et al., 2015) . Row and column totals may not equal component sums due to rounding.
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GeoHealth used the HCUP-derived ratio of ED visits to HAs for a specific ICD code to extrapolate the number of HA visits and, using HCUP data for the ED-identified ICD code, related outpatient costs. For a complete listing of ICD codes and directly measured and imputed deaths, EDs, and HAs, see supporting information Table S1 .
Results
Our analysis yielded results for each climate-sensitive case study event for both estimated morbidity and mortality incidence and health-related costs. In Table 2 , we identify the range of specific health outcomes identified in the case study data sources. Table 3 summarizes the estimated health impact incidence by case study, in terms of estimated eventassociated mortality and morbidity (HAs and EDs). Cumulatively, the case studies considered encompassed an estimated 917 premature deaths, 20,568 HAs, 17,857 EDs, and 37,425 outpatient encounters (comprised of outpatient visits, home health care visits, and instances in which medications were prescribed). Table 4 presents the health-related costs associated with case study events (in millions of 2018 dollars) sequenced from least to greatest total health-related costs. The total health-related cost estimate is $10.0 billion (with a sensitivity analysis range of $2.7-24.6 billion), including impacts from morbidity and mortality. We found that mortality costs (i.e., the value of a statistical life) of $8.4 billion exceeded morbidity costs and lost wages ($1.6 billion combined). In this analysis, the highest absolute costs were associated with Hurricane Sandy ($3.1 billion), followed by wildfires in Washington ($2.3 billion). Table 4 by detailing the relative proportions of morbidity costs across all case studies (those associated with prescribed medications, home health visits, outpatient care, lost wages from HAs and ED visits, and direct HA and ED costs in each state). Note. Column H (total health-related costs) equals sum of columns C-G. Column H (sensitivity range) corresponds to sensitivity analysis (see supporting information Table S2 ). *Combined Hurricane Sandy mortality estimate for New Jersey and New York also includes deaths reported from Pennsylvania, West Virginia, Connecticut, Maryland, and those not classified by state (Diakakis et al., 2015) . Row and column totals may not equal component sums due to rounding.
Figure 3 expands on the morbidity cost estimates presented in
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GeoHealth Table 5 stratifies state-level morbidity costs from HAs and EDs (in millions of 2018 dollars) by expected payer, using HCUP data for primary diagnosis codes within each case study. Overall, Medicare accounts for the largest share of total expected morbidity costs for HAs and EDs, followed by private insurance and Medicaid. The share of expected costs apportioned to these expected payers varies by case study, along with the expected costs incurred by uninsured patients. 
GeoHealth Costs for ED visits accounted for more than half of total morbidity costs in five of the case studies and were, by proportion of total morbidity costs, highest in Ohio and Washington. The proportional costs of HAs, in contrast, were relatively highest in New Jersey, North Carolina, Florida, and Michigan. The relative proportional costs of medical care were somewhat different in the two Hurricane Sandy states, with HA costs higher in New Jersey and ED costs higher in New York, based on available data.
Comparisons of documented health effects at the state-level to the corresponding national datasets for 2012 (total Lyme disease cases, allergenic oak pollen-attributable EDs, and mortality for all other exposures) indicate that the health impacts and related costs studied here are just a fraction of the reported 2012 national burden (Figure 4 , see supporting information Table S3 for calculations).
For 2012 hurricanes, we estimate that our analysis captured about 97% of total mortality (U.S. National Oceanic and Atmospheric Administration, 2013a). However, the other case studies constitute smaller portions of the 2012 national burden: 31% of mortality recorded for WNV (Poh et al., 2019; U.S. Centers for Disease Control and Prevention, 2013) , 10% of extreme weather mortality from thunderstorms and floods (U.S. National Oceanic and Atmospheric Administration, 2016), 5% of allergenic oak pollen EDs, 4% of heat-related mortality (U.S. Centers for Disease Control and Prevention, n.d.), 3% of smoke-related wildfire mortality , 2% of estimated ozone-related mortality (Cromar et al., 2016) , and 0.4% of reported Lyme disease cases (Schwartz, 2017; U.S. Centers for Disease Control and Prevention, 2018b) . No national estimates of HAB-associated health effects were available for 2012.
Conclusions
The 10 case studies we analyzed illustrate that climate-sensitive events impose significant health costs on the United States. While mortality costs ($8.4 billion) dominated, the economic burden of morbidity and lost wages ($1.6 billion combined) is an important and underreported dimension of the overall economic impact of such events. Tables 3 and 4 show that health impacts and costs differed depending on the location, type, duration, and geographic extent of the event. Our estimated health-related costs are broadly consistent with other studies investigating different aspects of the national economic impacts of climate-sensitive events (Balbus et al., 2014; Martinich & Crimmins, 2019) . The health-related costs estimated here are of similar magnitude as the $14.1 billion estimated in the prior analysis encompassing six events from 2000 to 2009, though differing geographies and time horizons preclude a direct cost comparison . At the state level, the estimated morbidity-related costs of the Texas WNV outbreak ($274.3 million) are consistent with Murray et al. (2013) , which reported costs of $15.9-154.2 million (2018 dollars) for acute medical care, outpatient costs, and lost productivity for just 1,028 HAs and EDs (rather than our estimate of 4,308 HAs and EDs; Barber et al., 2010; Murray et al., 2013) . Lay et al. (2018) used MEPS data to calculate the economic impact of ED visits for hyperthermia.
Using the cost-per-ED visit estimate from that study, the Wisconsin ED visits would have cost $2.9 million, compared to our $3.1 million estimate (2018 dollars). Recent studies quantified the national burden of Lyme disease at $786 million to $1.3 billion annually (Adrion et al., 2015; Mac et al., 2019) ; our estimate for Michigan ($8.0 million) reflects the burden of a single, low-incidence state. For allergenic oak pollen, our estimate of ED costs in North Carolina ($0.6 million) is consistent with a comparable national estimate ($12.2 million in 2018 dollars; Anenberg et al., 2017) . Wildfire impacts in Colorado ($1.6 billion) and Washington ($2.3 billion) correspond with the national economic valuation estimates reported in Fann et al. (2018) .
Mortality costs estimated through VSL methods are borne by society as a whole; morbidity costs (Figure 3 and Tables 4 and 5) represent costs borne by individuals, insurance companies, and taxpayer-funded government health insurance programs (e.g., Medicare and Medicaid). There are substantial differences in expected payers for medical care across these events, due to differences in state demographics and health outcomes across age and income groups. For example, hospital visits for asthma care are more common for children, especially those in low-income families (Akinbami & Schoendorf, 2002; Moorman et al., 2012) , hence the high burden to Medicaid for asthma in North Carolina. Conditions more likely to harm older adults, such as hurricanes and wildfires (Alman et al., 2016; McQuade et al., 2018) , have a high burden for Medicare. More than 20% of Florida's population is 65 years or older, so any event there is likely to pose a burden for Medicare (U.S. Census Bureau, n.d.-b) . Overall, about half of the morbidity-related costs of the events studied were estimated to have been paid for by Medicare (Table 5 ), despite the fact that Medicare insured only about 16% of Americans in 2012 (Henry J. Kaiser Family Foundation, 2019) . The disproportionate share of health-related costs expected to be paid by Medicare indicates that the health of older adults is highly affected by climate-sensitive events and further signals the need for targeted health efforts for this vulnerable group (U.S. Global Change Research Program, 2018) .
Several limitations impacted our health-related cost estimates. Despite record-setting weather conditions across the U.S. in 2012, our analysis was restricted to case studies for which there was adequate documentation of health impacts. We only quantified mental health impacts for Hurricane Sandy, even though other events like wildfires have been shown to adversely affect mental health (Afifi et al., 2012; Reid et al., 2016) . In the cases of extreme heat and Lyme disease, routine underreporting of health effects (Luber & McGeehin, 2008; S. Centers for Disease Control and Prevention, 2019) could bias estimates downward. Extreme heat can affect cardiovascular and respiratory health (Gronlund et al., 2018; Mora et al., 2017) , but these impacts are not included in our analysis. Wildfire impacts were characterized only for PM 2.5 exposures, not for wildfire-linked ozone air pollution (Baker et al., 2016; Wilkins et al., 2018) . Other effects on well-being, such as the toll of displacement and uncertainty stemming from adverse exposures, are difficult to quantify but nonetheless important (Afifi et al., 2012; Berry et al., 2018; Tschakert et al., 2019) . As such, the $10.0 billion total we calculated is likely a conservative estimate of the health-related costs for these case studies.
Our health-related cost analysis applied HCUP and MEPS data (Figure 2 ), but at times the precise ICD diagnosis code of health impacts was not made available, or multiple ICD codes were tagged to a single patient, which could bias results upward. Furthermore, we aimed for a conservative approach to health incidence estimates, but reconciling health impact estimates across a patchwork of data sources varying in level of detail and quality was necessarily subjective. Actual lost wages may have exceeded our estimates, in cases when patients missed time from work or other activities after hospital discharge. Expected payer statistics in HCUP are annual ICD-specific totals, so we were not able to access precise expected payer information linked to the case study exposures. Therefore, our analysis 10.1029/2019GH000202 GeoHealth lacks precision in isolating the health endpoints that accounted for morbidity costs and the presumed payer burden.
Beyond these case studies and the specific health impacts identified in Table 2 , the U.S. also experienced other significant climate-sensitive events in 2012 such as drought that affected more than half of the states (Hoerling et al., 2013; Rippey, 2015; U.S. National Oceanic and Atmospheric Administration, 2013a) . Drought conditions have been linked with health risks including respiratory illness, mental health issues, and heat stress (Achakulwisut et al., 2019; Hayes et al., 2018; OBrien et al., 2014; Stanke et al., 2013; Vins et al., 2015) . Two months before Hurricane Sandy, Hurricane Isaac made landfall over Louisiana, its large storm surge triggering flooding and causing nine deaths (U.S. National Oceanic and Atmospheric Administration, 2013a van Oldenborgh et al., 2017) and 2018 wildfires in California that were the largest, costliest, and deadliest in the state's history (Smith, 2019) . Nationally, ozone levels remain high and climate change threatens to overwhelm historical air quality improvements (American Lung Association, 2019; Cromar et al., 2019) . While NOAA tabulated 11 disasters each resulting in at least $1 billion in property and/or infrastructure damages in 2012, the Federal Emergency Management Agency declared a total of 112 disasters that year (Federal Emergency Management Agency, n.d.) and the number of annual billion dollar disasters was exceeded in 2016 (15), 2017 (16), and 2018 (14)-with these years accumulating totals more than double the long-term average (Smith, 2019; U.S. National Oceanic and Atmospheric Administration, 2019) . Therefore, the climate-sensitive impacts we examined could signal hundreds of billions of dollars in health-related costs from recent and future exposures nationwide (Figure 4 ), in line with recent analyses (Martinich & Crimmins, 2019; U.S. Global Change Research Program, 2018) .
The impacts of climate change on health are becoming more widely studied, yet the quantification of climate-sensitive health-related costs remains limited, in part because of insufficient surveillance and the data linkages necessary to characterize HAs, EDs, and deaths (see Tables 1 and 2) . Recent events, such as Hurricane Maria in 2017, have also shown that our collective understanding of such events improves over time-sometimes illuminating health impacts that are significantly higher than initial reports (Kishore et al., 2018; Rappaport & Blanchard, 2016; Santos-Burgoa et al., 2018) . The evidence that does exist suggests that health-related costs associated with climate-sensitive events are significant in the context of other damages inflicted by hazardous weather. For example, a NOAA compilation of 2012 damages to property and crops estimated a toll of $38.9 billion nationally (U.S. National Oceanic and Atmospheric Administration, 2016); our estimate of health-related costs from 10 case study events suggests that the 2012 national economic burden of all extreme weather was, at a minimum, 26% (sensitivity range 7-63%) higher when health-related costs are considered.
The high health-related costs associated with climate-sensitive events highlight the importance of actions to slow the acceleration of climate change and adapt to its unavoidable impacts (U.S. Global Change Research Program, 2018) . Prior estimates indicate that global annual climate adaptation costs for the health sector could cost $2-10.7 billion, though the upper limit of this range is likely higher due to the limited documented range of health and economic impacts and the costs of health-relevant actions in other sectors (Hutton, 2011; Intergovernmental Panel on Climate Change, 2018) . Because only a fraction of these interventions would take place in the US, our analysis (and the likelihood of nonlinear increases in future climate change impacts and costs; Intergovernmental Panel on Climate Change, 2018) demonstrates that the health-related costs of climate-sensitive events may outweigh the costs of mitigation and adaptation actions that could help society avoid climate-related triggers of disease and early death (U.S. Environmental Protection Agency, 2019) . Estimating the ratio of health-related benefits to costs is beyond the scope of this study; elsewhere, it has been posited that every dollar spent on preparing for future climate risks saves 6 times as much in avoided infrastructure repair costs (National Institute of Building Sciences, 2017).
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The health-related costs of climate-sensitive environmental exposures in the U.S. are substantial. By combining estimates of health impacts and the costs of medical treatment for 10 climate-sensitive case study events that occurred in 2012, we demonstrate multibillion-dollar economic ramifications within the health sector (Smith & Katz, 2013) . Despite the magnitude of costs described in this study, the major economic impacts of climate change on human health are seldom adequately included in measures such as the social cost of carbon, which have a major bearing on the direction of future climate policy. Ambitious actions to mitigate climate change and adapt to its unavoidable impacts can help to avoid unprecedented human suffering and major health-related costs. Underlying incidence data are available in the supporting information. We thank the authors of the health impact research studies and state public health staff who provided input on case studies and acknowledge the environmental health and health cost databases utilized in this study. We also thank Tina Swanson, Leslie Jones, Kelsey Kane-Ritsch, Susan Keane, Yukyan Lam, Rob Moore, Joel Scata, and Anna Weber for their reviews of prior manuscript drafts. We acknowledge the artists whose symbols were adapted in Figure 1 under a Creative Commons license: Marco Hernandez (Lyme disease), Corpus Delecti (allergenic oak pollen), Yazmin Alanis (extreme weather), Adrien Coquet (extreme heat), Gemma Evans (harmful algal blooms and ozone air pollution), Yanti Anis (West Nile virus), Tuong Tam (wildfires), and Kirby Wu (hurricane). We also thank the anonymous reviewers whose comments have greatly improved this manuscript. All authors jointly conceived the study approach, conceptual framing, and methods. K. K., J. C., and W. M. consulted with V. L. as he led the analysis. V. L. conducted the literature review, completed data analysis, and led preparation and revision of the manuscript; W. M. directly contributed in drafting the Discussion with V. L.; K. K., J. C., and W. M. reviewed findings, edited and revised the entire manuscript, and approved the final version.
